ABSTRACT The NN-dicyclohexylcarbodiimide (DCCD).
The coupling factor-latent ATPase (BCF4) from Mycobacterium phlei can be solubilized from electron transport particles by washing with buffers of low ionic strength or with 0.25 M sucrose in the absence of cations (1, 2) . The enzyme has been purified to homogeneity by affinity chromatography on Sepharose coupled to ADP (3, 4) . The ATPase of BCF4 is latent, requiring trypsin treatment to express the hydrolytic activity. The BCF4 is similar to the coupling factor ATPase, F1, which has been purified from mammalian mitochondria (5, 6) , yeast mitochondria (7) , and other bacteria (8) (9) (10) .
In contrast to the membrane-bound BCF4 from M. phlei (11) , the solubilized BCF4 was insensitive to N,N'-dicyclohexylcarbodiimide (DCCD). DCCD inhibits the membrane-bound ATPase and phosphorylation in mammalian mitochondria and submitochondrial preparations (12) (13) (14) and in M. phlei (11) . With the help of detergents, a DCCD-or oligomycin-sensitive ATPase has been isolated from beef heart (15, 16) and yeast (17, 18) mitochondria. It has been purified from yeast (17) and from a thermophilic bacterium (19, 20) . In addition to the F1 moiety, the DCCD-sensitive complex contains an intrinsic membrane protein called Fo (19) (20) (21) (22) . Fo contains several polypeptidvs, some of which have been isolated and purified as the DCCD-binding protein and the oligomycin sensitivity conferring protein (23) (24) (25) . Recently, Sone et al. (20) have purified the complete Fo protein from a thermophilic bacterium.
This communication describes the isolation of both the DCCD-sensitive latent ATPase (BCFo-BCF4 complex) and the hydrophobic protein component (BCFo) from M. phlet, and the reconstitution of oxidative phosphorylation using these preparations. The BCF0-BCF4 complex was purified to homogeneity by affinity chromatography and was capable of restoring coupled phosphorylation to membrane vesicles depleted of the complex. Some energy-dependent reactions, such as 32Pi-ATP exchange, ion translocation, and light-driven ATP synthesis, have been reconstituted with purified Fo-C, complex (19, 20, 26) . We now report the reconstitution of oxidative phosphorylation in detergent-extracted membranes by purified DCCD-sensitive ATPase.
MATERIALS AND METHODS
Preparation of DCCD-Sensitive Latent ATPase (BCFo-BCF4 Complex) M. phlei (ATCC 354) was grown as described (27) , and the electron transport particles were prepared by sonication of cells as described by Brodie (28) . The BCFo-BCF4 complex was isolated essentially according to the method of Sone et al. (20) , by suspending the electron transport particles in a solution of 0.5 M Tris-HCl (pH 8.0) containing 1% sodium cholate (Sigma Chemical Co.) and 0.15 M KC1, at a protein concentration of 10 mg/ml. After incubation at 250 for 60 mi, the mixture was centrifuged at 105,000 X g for 45 min. The cholate-washed pellets were resuspended by 2 min of sonication in the same volume of 50 mM Tris-HCl (pH 8.0) containing 0.25 M sucrose, 0.15 M KC1, and 2% Triton X-100 (Sigma Chemical Co.) and incubated for 30 min at 25°. The BCFO-BCF4 complex remained in the supernatant after centrifugation of the Triton X-100 mixture at 144,000 X g for 60 min.
Preparation of the Hydrophobic Protein (BCFo). Electron transport particles were depleted of BCF4 by washing with 0.25 M sucrose in the absence of cations (1, 3) . The BCFO was solubilized from these depleted particles by the procedures described above.
Preparation of BCF4. BCF4 was purified to homogeneity by affinity chromatography as described by Higashi et al. (3) . This preparation had coupling factor-latent ATPase activity and was not contaminated with respiratory components or other proteins.
Preparation of Sepharose-ADP. CH-Sepharose 4B (Pharmacia Fine Chemicals) was coupled to ADP for affinity chromatography by the procedure described (3, 4) .
Analytical Procedures. Latent ATPase activity was assayed as described (3) . For the estimation of DCCD sensitivity, the samples were incubated with DCCD (0.6 mM) for 10 was estimated by the procedures described (27 (33) . Phospholipid phosphorus was determined by the method of King (34) .
RESULTS

Isolation and purification of BCFO-BCF4 complex
Electron transport particles were treated with cholate and Triton X-100 as described above. After cholate treatment, the particles still contained almost all of their original latent ATPase activity. The enzyme was solubilized by Triton X-100. The BCFo-BCF4 complex in the Triton extract was partially purified by means of density gradient centrifugation in 0.7-1.0 M sucrose. In order to keep the sample in a dispersed state in the absence of detergent, 0.15 M KCI was present in the sucrose gradient and during all further purification procedures (35) . The details of the system and the fractions obtained are shown in Fig. 1 . Each fraction was assayed for latent ATPase activity and DCCD sensitivity. Fraction V contained the highest specific activity, and this ATPase was almost completely inhibited (95-100%) by DCCD. Other fractions also exhibited some latent
ATPase, but the inhibition by DCCD was less than 50%.
The BCFO-BCF4 complex in fraction V was purified to homogeneity by affinity chromatography essentially as described for the purification of coupling factor-latent ATPase (3 
BCFO-BCF4 complex
The ability of the purified BCF0-BCF4 complex to restore oxidative phosphorylation to electron transport particles that had been treated with Triton X-100 and the effect of DCCD and uncoupling agents on the restoration were studied. The treated particles were capable of oxidation with NAD+-linked substrates, but not with succinate, and failed to couple phosphorylation ( Table 1) . The low oxidation rate observed in the treated particles was largely due to the loss of membrane-bound cytochromes which could be detected spectrophotometrically in the various fractions obtained after sucrose density gradient centrifugation. The addition of purified BCFo-BCF4 complex increased the rate of oxidation slightly (13%) and restored coupled phosphorylation with the treated particles. The phosphorylation was inhibited by DCCD (0.6 mM) and uncoupled It corresponded to fraction IV of the gradient (see Fig. 1 ). This preparation, unlike the BCF0-BCF4 preparation described above, was only partially purified. It contained small amounts of cytochromes b, c, cl, and a + a%, and displayed a low level of succinoxidase activity. On polyacrylamide gel electrophoresis, several bands were observed. In contrast, as has been previously reported (3), the BCF4 preparation has been purified to homogeneity. The addition of both BCFO and BCF4 to electron transport particles treated with Triton X-100 restored coupled phosphorylation (Fig. 2) . At the BCF4 concentration used, the levels of phosphorylation depended on the amount of BCFO. BCFO concentrations greater than 0.8 mg of protein produced no further increases in phosphorylation. BCF4 alone was unable to restore phosphorylation to the treated particles and only negligible levels of phosphorylation were observed with treated particles and BCFO (Table 2) . These low levels might be due to the presence of small amounts of BCF4 in the partially purified BCFo preparation. Comparison of ATPase activity, DCCD sensitivity, and P/O ratios BCF4 displays latent ATPase activity, is completely insensitive to DCCD, and can restore coupled phosphorylation to depleted electron transport particles, which contain BCFo but have been depleted of the BCF4 (1, 3). When combined with depleted electron transport particles, the BCF4 becomes DCCD-sensitive (11) . When added to the particles treated with Triton X-100, BCF4 was no longer capable of restoring phosphorylation, nor did it become DCCD-sensitive ( (12, 23) and as the oligomycin sensitivity conferring protein (24) .
The partially purified BCFo preparation from M. phlei membranes is capable of restoring DCCD sensitivity to the purified BCF4. The reconstituted enzyme can restore coupled phosphorylation to detergent-extracted membranes, which lack the BCFO component. Increasing the BCFo quantity raised the P/O values. That the BCFO is indeed absent from the electron transport particles that had been treated with Triton X-100 was demonstrated by the fact that the purified BCF4 alone could not restore coupled phosphorylation to these deficient membranes. It has been shown that purified BCF4 does restore coupled phosphorylation to depleted electron transport particles that have been stripped of the BCF4 by extensive washing in the absence of cations (3) but that still contain BCFO. The lack of an additional requirement for phospholipids for the conferral of DCCD-sensitivity on purified BCF4 by BCFO may be explained by the presence of phospholipids in the BCFO preparation. In studies using purified TFo from a thermophilic bacterium, phospholipids were required for reconstitution of DCCD-sensitivity with purified ATPase (20) .
The addition of the BCFo preparation alone to the electron transport particles treated with Triton X-100 enabled a small amount of ATP synthesis to proceed, but this was probably due to the presence of small amounts of BGF4. Spectral analysis of the partially purified BCFO indicated that it contained small amounts of cytochromes bw, c, and a + a3. There was also a small amount of latent ATPase activity. The BCFo preparation by itself, however, or combined with BCF4 in the absence of treated particles was not capable of oxidative phosphorylIn contrast to most bacterial systems studied, the membrane-bound ATPase from M. phlei appears to be similar to that described in mammalian and yeast mitochondria (10, 25) since the ATPase from M. phlei exhibits coupling factor activity and is latent.
The purification of BCFO presents some difficulties because of its hydrophobic nature. Studies of energy-transducing membranes have indicated that the presence of the Fo component, as well as the ATPase, is an absolute requirement for the demonstration of energy-dependent processes. Further characterization of the DCCD-sensitive ATPase and especially of the hydrophobic membrane component is essential to an understanding of the mechanism of energy transduction in biomembranes.
